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Brown spot of citrus was first described in Florida on the rootstock cultivar rough lemon (Citrus jambhiri Lush.) in 1937 (28) and on 'Dancy' tangerine (C. reticulata Blanco) in 1974 (41) . The disease is currently considered a major problem on many fresh-market citrus cultivars including tangerine × grapefruit (C. × paradisi Macfad.) and tangerine × sweet orange (C. sinensis (L.) Osbeck) hybrids. Some of these include 'Minneola', 'Orlando', 'Murcott', 'Nova', 'Osceola', and 'Lee' (38) . Lesions can occur on leaves, stems, and fruit and reduce both the yield and marketability of the crop. The disease is difficult to control, and these cultivars require intensive fungicide application programs and careful timing of fungicide sprays to be grown successfully (38) . In some locations, the disease has become such a problem that the production of highly susceptible cultivars such as Minneola has been abandoned entirely (39) . The citrus brown spot pathogens produce host-specific toxins that are similar in chemical structure to toxins produced by other Alternaria spp. (16, 17, 24) . These toxins are important pathogenicity factors in this disease and likely play a role in controlling host range (10, 15, 17, 27, 41) .
There appear to be at least three genetically distinct groups of Alternaria spp. that cause foliar diseases of citrus. Each of these groups attacks only a limited number of Citrus spp., and the host ranges do not overlap. The first group is the most economically important worldwide and causes disease on tangerines, grapefruit, and tangerine × grapefruit and tangerine × sweet orange hybrids. This disease was first reported on 'Emperor' mandarin in Australia (5, 14) and subsequently identified on 'Dancy' tangerine in Florida (41) and on additional cultivars in several other countries (3, 4, 13, 34, 37) . Isolates from 'Dancy', 'Emperor', 'Murcott', and 'Minneola' have a wide host range on tangerines and tangerine hybrids (13, 15, 27, 35) . Isolates from these cultivars have been referred to collectively as the "tangerine pathotype" (23) . A second brown spot pathogen was originally described on rough lemon from South Africa (7) and Florida (28) . Isolates from brown spot lesions on rough lemon are highly specific for rough lemon and are known as the "rough lemon pathotype" (23, 26) . The only other known host for rough lemon isolates is 'Rangpur' lime, C. × limonia Osbeck (15, 28, 41) . Isolates from rough lemon generally do not cause disease on tangerines or tangerine hybrids, and this specificity appears to be controlled by host-specific toxins produced by each pathotype (10, 16, 17, 23) . The third disease of citrus caused by Alternaria spp. is called "mancha foliar de los cítricos," which affects Mexican (key) lime (C. aurantiifolia (L.) Swingle) and is weakly pathogenic on other Citrus spp. in Mexico (25) . The symptoms of this disease are very different from Alternaria brown spot on tangerines and rough lemon, and the disease is caused by a morphologically distinct species, A. limicola Simmons & Palm (25, 32) . This species may have a much wider host range than either the tangerine or rough lemon pathotypes, because the pathogen has been isolated in the field from six species of Citrus including limes, sour orange, sweet orange, and grapefruit (25) .
The taxonomic status of the fungus that causes citrus brown spot is unclear, even though the disease has been known for more than 90 years (5). The pathogen was first identified as A. citri (14) , although the original description of A. citri was based on a specimen causing a completely different postharvest disease, black rot of citrus (1) . Although isolates of A. citri causing black rot appeared to be morphologically similar to isolates that caused brown spot, their pathogenic characteristics and toxin production distinguished them as distinct strains (14) . The pathogen was subsequently placed in A. alternata (Fr.:Fr.) Keissl. by Nishimura and Kohmoto (23) based on conidial morphology and conidial measurements published for A. alternata by Simmons (31) . The pathogen has also been called A. alternata pv. citri (34, 35) . Sequencing and restriction fragment length polymorphism studies of mitochondrial DNA and the internal transcribed spacer regions of ribosomal DNA have supported a close phylogenetic relationship among the toxin-producing Alternaria spp. from several citrus and noncitrus hosts including Japanese pear, strawberry, and apple, as well as with saprophytic A. alternata (18) (19) (20) . No comparable molecular systematic studies have been performed with black rot isolates or with a representative sample of brown spot isolates from citrus. Morphotaxonomic studies of citrus brown spot isolates have suggested that the disease is not caused by either A. citri or A. alternata (32, 33) , and 10 new species of Alternaria have been recently described as causal agents of citrus brown spot in different parts of the world (33) . Due to the conflicting morphological and molecular data, we have chosen to describe the isolates sampled in this study as simply Alternaria spp. until their identity can be firmly established.
Many of the grapefruit × tangerine hybrids that are susceptible to brown spot are offspring of crosses of 'Dancy' tangerine. This has led to speculation that susceptibility to brown spot is inherited from the 'Dancy' parent (13, 15, 29) . This speculation was recently confirmed with experimental crosses and host inoculations, and it appears that resistance to brown spot is inherited as a single recessive gene (6) . Host response to brown spot is quite variable among closely related hybrids (T. L. Peever, unpublished data), suggesting that other genes are likely involved in this interaction. One cultivar with 'Dancy' parentage, Sunburst, initially appeared to be quite resistant to the disease in Florida. 'Sunburst' resulted from a cross between 'Robinson' and 'Osceola', both of which have a 'Dancy' grandparent. Within the last few years, reports of severe brown spot have been reported on 'Sunburst' (39) . The lesions that were observed on 'Sunburst' were comparable to those on 'Minneola', and it has been hypothesized that a new strain of the pathogen that is more virulent on 'Sunburst' may have been introduced into Florida.
Despite extensive plantings of grapefruit in Florida, Alternaria brown spot has only recently been reported on this host in Florida (39). Brown spot is an economically important problem on grapefruit in Israel and South Africa (30, 35, 39) and has also been reported in Australia (14, 27) . In Florida, lesions have been observed only on the fruit, while in Israel and South Africa, the pathogen affects both leaves and fruit, even though many of the same cultivars are grown in all of these locations. Grapefruit leaves are susceptible to the pathogen in artificial inoculation studies (10, 27, 35) , and isolates from grapefruit are known to cause disease on tangerines and hy- Table 1 . a Sampling location pictured in Figure 1 . b Isolates sampled for a previous study (26) .
brids (14, 35) . Studies involving purified toxins from tangerine isolates have also demonstrated the susceptibility of grapefruit (10, 13, 15) . The recent appearance of brown spot on grapefruit in Florida has lead to the speculation that either the pathogen has evolved increased virulence on grapefruit or that there has been an introduction of a new genotype that is specific for this host into Florida. In a previous study, isolates of Alternaria spp. sampled from rough lemon and 'Minneola' tangelo were highly specific for the hosts from which they were originally isolated (26) . It is unknown if a similar specificity exists among isolates from grapefruit, tangerines, and tangerine hybrids. Although many Citrus spp. and cultivars are considered susceptible to brown spot, disease reactions vary considerably and it is possible that each host may provide a slightly different selective regime for brown spot pathogens. Many citrus hosts susceptible to brown spot in Florida are grown commercially in small blocks. This proximity of different host genotypes provided a good opportunity to test the hypothesis of host specificity of Alternaria spp. on these cultivars. The objective of this study was to determine the population structure and host specificity of Alternaria spp. on grapefruit and tangerine × grapefruit hybrids. Specific hypotheses tested were (i) that isolates sampled from 'Minneola' or 'Orlando' from five different geographic locations in Florida were genetically differentiated; (ii) that isolates causing brown spot on grapefruit were genetically distinct from those causing disease on other hybrids; (iii) that isolates sampled from 'Minneola', 'Orlando', 'Murcott', 'Nova', 'Robinson', and 'Sunburst' growing in close proximity in small blocks were host specific; and (iv) that novel genotypes of the pathogen have been introduced into Florida that were specific for grapefruit and 'Sunburst'.
MATERIALS AND METHODS

Sampling.
Isolates of Alternaria spp. were obtained from infected leaves and fruit of eight citrus cultivars in nine locations throughout Florida ( Fig. 1 ; Table 1 ). Trees were randomly sampled (one isolate per tree) from a 2,500-m 2 area within each grove. Isolations were made from young lesions (less than 2 mm in diameter) on new leaves. Isolates were cultured and single-conidial isolates collected and stored as previously described (26) . Two sampling strategies were employed to address different subobjectives: (i) isolates were collected from 'Minneola' and 'Orlando' in five locations to determine the population genetic structure of the pathogen on two representative hosts over the entire citrusgrowing area of Florida; and (ii) isolates were collected from different citrus cultivars growing in the same location to test the hypothesis of host specialization of the pathogen. The genetic relationships among the citrus cultivars sampled in this study are illustrated in Figure 2 . Isolates sampled from 'Minneola' in the Shinn and Evenhouse locations and rough lemon isolates from Baseball City and Haines City were collected for a previous study (26) .
Pathogenicity. The pathogenic specialization of isolates from grapefruit and 'Nova' was determined by spraying spore suspensions onto leaves of various citrus hosts detached from trees grown in a greenhouse (26) . Quantitative comparisons of pathogenicity were performed to test the hypothesis that isolates from grapefruit and 'Nova' were more pathogenic on the hosts they were isolated from relative to isolates from other tangerine × grapefruit hybrids. Conidia were produced and washed using centrifugation as previously described (26) , adjusted to 1 × 10 4 per ml using a haemocytometer, and sprayed to runoff using a thin-layer chromatography sprayer (Crown Tools, Woodstock, IL). Detached leaves (four leaves per treatment) were inoculated in 2-ml microcentrifuge tubes as previously described (26) and incubated for 24 h at 25°C in moist chambers. Disease incidence was assessed quantitatively by counting the number of lesions per leaf 24 h after inoculation. Two experiments were performed with arbitrarily selected isolates, one to test the host specificity of isolates from 'Nova' and another to test the specificity of isolates from grapefruit. Experiment 1 consisted of seven isolates randomly selected from 'Nova', 'Minneola', and 'Orlando' in two locations (CPI and Immokalee). Isolates were inoculated on 'Nova', 'Minneola', and 'Orlando'. Experiment 2 was performed similarly, except that it consisted of a sample of 14 isolates from 'Marsh' and 'Flame' grapefruit in one location (Vero Beach) and 13 isolates from 'Minneola' in two locations (Shinn and Evenhouse). Isolates for experiment 2 were inoculated on 'Minneola', 'Sunburst', 'Orlando', 'Duncan' grapefruit, and rough lemon. Data were analyzed as two-factor-crossed designs (host of original isolation = "Isolate" and host inoculated = "Host"), with Isolate a random factor and Host a fixed factor. Analysis of variance (ANOVA) was performed using the GLM procedure of Minitab version 12 statistical software (Minitab Inc., State College, PA). Preliminary residual plot analyses indicated nonconstancy of error variance (i.e., variance increased as number of lesions per leaf increased), and all ANOVA were subsequently performed with log e -transformed data. A significant Isolate × Host interaction effect at P < 0.05 in the ANOVA was considered evidence for pathogenic specialization.
DNA extraction. DNA was extracted as described previously (26) . Briefly, lyophilized, powdered mycelium (approximately 50 µg) was extracted using a lysis buffer containing 50 mM EDTA, 100 mM Fig. 2 . Genetic relationships among the tangerine × grapefruit hybrids sampled in this study. All varieties shown are susceptible to Alternaria brown spot except 'Clementine'. Not shown is 'Murcott' tangor, which is a natural hybrid between unknown tangerine and sweet orange varieties and is also susceptible to brown spot.
Tris buffer (pH 8), and 3% sodium dodecyl sulfate for 30 to 45 min at 65°C. Mycelium was pelleted by centrifugation and the supernatant precipitated with 8 M potassium acetate at -20°C for 15 min. Following centrifugation, the supernatant was subjected to two rounds of phenol/chloroform/isoamyl alcohol (25:24:1) extraction and one round of chloroform/isoamyl alcohol (24:1) extraction. The final supernatant was precipitated with two volumes of 100% EtOH and 0.5 M NaCl. Pellets were resuspended in water, precipitated again in 14% polyethylene glycol and 1 M NaCl, and resuspended in 50 µl of Tris-EDTA buffer (10 mM Tris and 1 mM EDTA). RNA was digested with 20 µg of RNase A (Sigma Chemical Co., St. Louis) per ml at 37°C for 3 h. DNA concentrations were estimated visually in ethidium bromide-stained agarose gels by comparing band intensity with known quantities of phage lambda DNA (Life Technologies Inc., Rockville MD). At least three independent DNA extractions were made from each of several selected isolates to verify the repeatability of the polymerase chain reactions (PCRs) among different extractions (26) .
Random amplified polymorphic DNA (RAPD) markers. Fifteen-microliter PCRs with random 10-nucleotide primers were performed in 96-well microtiter plates as described previously (26) . Cycling conditions included an initial 2-min melt at 93°C followed by 44 cycles of 92°C for 1 min (melt), 37°C for 1 min (anneal), and 72°C for 2 min (extension). The final cycle was 92°C for 1 min, 37°C for 1 min, and 72°C for 8 min. PCR products were separated in 1.8% agarose gels with HindIII/EcoRI-digested lambda DNA (Promega Corp.) as size standards and visualized with a digital imaging system (UltraViolet Products, Upland, CA). RAPD markers were selected as described previously (26) . The reproducibility of the RAPD markers was tested by performing PCRs with different concentrations (2 to 200 ng) of DNA template, with at least three independent DNA extractions from the same isolate and different sources of Taq polymerase (Sigma Chemical Co., Promega Corp., and Life Technologies Inc.). Identical RAPD bands were obtained with all treatments.
RAPD data analysis. RAPD PCR products were scored as genetic data with positive (band present) and negative (band absent) alleles at 16 putative genetic loci as described previously (26) . These data were used to estimate allele frequencies and standard population genetic statistics with POPGENE population genetics software (POPGENE, version 1.21; Molecular Biology and Biotechnology Centre, University of Alberta, Edmonton, Canada). Heterogeneity in allele frequencies among populations of isolates sampled from 'Minneola' and 'Orlando' in five locations was tested with the likelihood ratio chi-square statistic (G 2 ) (2,11), and genetic differentiation among locations and cultivars was estimated using Nei's coefficient of gene differentiation (G ST ) (22) . The null hypothesis of no differentiation among locations or among cultivars (G ST = 0) was tested using a Monte Carlo randomization approach (12, 36) that tested the observed G ST against a null distribution of G ST . The null distribution of G ST was generated by randomly assigning isolates to locations or cultivar without replacement 1,000 times and calculating a G ST value after each iteration. The null hypothesis was rejected if fewer than 50 of the simulated G ST values (P = 0.05) exceeded the observed G ST . Phenograms were generated in NTSYSpc (Numerical Taxonomy and Multivariate Analysis System, version 2.0; Exeter Software, Setauket, NY) using genetic distances among samples of isolates from locations or cultivars. Distances were calculated with the SIMGEND program, in which each population sample (from a location or from a cultivar) was treated as the operational taxonomic unit. Genetic similarity matrices in SIMGEND were estimated from RAPD allele frequencies using Nei's (21) maximum genetic distance and clustering was performed with Fig. 3 . Phenogram of genetic distances among populations of Alternaria spp. sampled from several locations and hosts throughout Florida. Distances were estimated from random amplified polymorphic DNA allele frequencies in each sample using Nei's maximum genetic distance (21) as described in text. Isolates sampled previously from two populations of rough lemon (BC2 and HC2) were included as outgroups. Numbers at the major branches indicate the percentage of occurrence of the cluster to the right of the branch in 1,000 bootstrapped dendrograms. Only branches occurring in 50% or more of the bootstrapped dendrograms (i.e., majority rule consensus tree) are shown.
tree in PHYLIP (Phylogeny Inference Package, version 3.5c; Department of Genetics, University of Washington, Seattle) using the SEQBOOT, GENDIST, NEIGHBOR, and CONSENSE programs with 1,000 bootstrapped samples.
RESULTS
Genetic differentiation of grapefruit isolates. Populations of Alternaria spp. sampled from 'Marsh' and 'Flame' grapefruit were highly differentiated from populations sampled from tangerine × grapefruit hybrids throughout Florida (Fig. 3) . Grapefruit populations (VB-WGF and VB-RGF) clustered together in the phenogram, and the genetic distance between grapefruit and the hybrid isolates was approximately 0.09 (Fig. 3) . This differentiation was much lower than that obtained between samples from rough lemon (BC2-RLR and HC2-RLR) and the hybrids (Fig. 3) . The grapefruit isolate cluster in the phenogram was moderately well supported with a bootstrap value of 80% (Fig. 3) . Differentiation between the grapefruit isolates and a pooled sample of isolates from 'Minneola' from across Florida was estimated using Nei's G ST ( Table 2 ). The pooled sample of 'Minneola' isolates was used to avoid the potentially confounding effects of host and location, as grapefruit was the only host sampled in Vero Beach. This analysis revealed that the grapefruit isolates were strongly differentiated from the 'Minneola' isolates. No significant genetic differentiation was found between samples of isolates from 'Marsh' versus 'Flame' grapefruit ( Fig. 3 ; Table 2 ).
Specificity of tangerine × grapefruit hybrid isolates with RAPDs. Populations of Alternaria spp. from hybrid hosts in different locations in Florida were not strongly differentiated (Fig. 3) . A much lower level of genetic differentiation among locations and hosts was observed relative to that found between rough lemon and the hybrids (Fig. 3) . Populations of the pathogen sampled from 'Sunburst' and 'Orlando' at the Ranch 1 location were differentiated with a relatively low bootstrap value of 67% (Fig. 3) . All other populations sampled from hybrids in Florida had bootstrap values below 50% and could not be differentiated using this analysis (Fig. 3) . Gene diversity analyses (genetic distances and Nei's G ST ) of isolates sampled from different cultivars within locations revealed significant genetic differentiation among isolates from different hosts (Tables 2 and 3 ; Fig. 4 ). Isolates sampled from 'Minneola', 'Orlando', 'Murcott', and 'Nova' in the CPI location and 'Minneola', 'Orlando', and 'Nova' in the Immokalee location were significantly differentiated (Tables 2 and 3 ; Fig. 4) . Pairwise comparisons of G ST values among cultivars revealed that most of the differentiation was due to isolates sampled from 'Nova' (Table  2) . Populations sampled from 'Minneola' and 'Robinson' were significantly differentiated in one location (Shinn) but not in the other (Evenhouse) ( Table 3) . Isolates from 'Sunburst' could not be differentiated from isolates collected from 'Orlando' in three sampling locations (Table 3) or from isolates collected from any other hybrid (Fig. 3) . Many of the same haplotypes were sampled from grapefruit, 'Sunburst', and the other hybrids (data not shown), indicating that disease on grapefruit and 'Sunburst' could not be attributed to a novel genotype that was unique to these cultivars.
Genetic differentiation among isolates from 'Minneola' and 'Orlando' in different locations in Florida. Populations of Alternaria spp. sampled from 'Minneola' in five geographically separated locations in Florida were moderately genetically differentiated. Significant differentiation (G ST = 0.118, P < 0.01) was observed among isolates sampled from 'Minneola' in five locations (Table 3 ). Similar levels of differentiation (G ST = 0.126, P < 0.001) were observed among isolates sampled from 'Orlando' in five locations (Table 3) .
Pathogenic specialization on 'Nova' and grapefruit. Isolates from 'Nova' were not significantly more pathogenic on 'Nova' than were isolates from 'Minneola' or 'Orlando' (Fig. 5A ; Table 4 ). Isolates from 'Nova', 'Minneola', and 'Orlando' produced similar levels of disease on each cultivar indicated by the nonsignificant Isolate factor in the ANOVA (Table 4) . Lack of host specificity was confirmed by the nonsignificant Isolate × Host interaction effect in the ANOVA (Table 4) . Isolates from 'Marsh' and 'Flame' grapefruit were not significantly more pathogenic on 'Duncan' grapefruit than were isolates from 'Minneola' (Fig. 5B; Table 4 ). Iso- Genetic diversity between hosts as a proportion of total diversity. G ST = (H T -H S )/H T , in which H T is the overall gene diversity (over both hosts) and H S is the gene diversity within each host (22) . Null hypothesis of G ST = 0 among hosts. ns = P > 0.05; * = P < 0.05; and ** = P < 0.01, estimated using Monte Carlo simulations as described in text. b Isolates pooled from five locations throughout Florida including Shinn, Evenhouse, CPI, Immokalee, and West Palm (n = 132). (22) . Null hypothesis of G ST = 0 among hosts. ns = P > 0.05; * = P < 0.05; and ** = P < 0.01, estimated using Monte Carlo simulations as described in text.
lates from grapefruit and 'Minneola' produced similar levels of disease on each cultivar tested, which was indicated by the nonsignificant Isolate factor in the ANOVA (Table 4) , and lack of host specificity was evident in the nonsignificant Isolate × Host interaction effect in the ANOVA (Table 4) . Host was a significant factor in both experiments, indicating significant differences in brown spot susceptibility among cultivars (Table 4) . 'Minneola' was the most susceptible, followed by 'Orlando', 'Sunburst', 'Nova', and 'Duncan' grapefruit (Fig. 5) . Most of the isolates did not produce lesions on rough lemon, with the exception of one isolate from 'Flame' grapefruit and two isolates from 'Marsh' grapefruit that produced a single lesion each on one of four replicate leaves (data not shown).
DISCUSSION
Alternaria spp. causing brown spot on grapefruit and 'Nova' were significantly differentiated from populations on other tangerine × grapefruit hybrids. Despite this genetic differentiation with RAPD markers, we were unable to detect any pathogenic specialization of grapefruit and 'Nova' isolates. Although the level of differentiation was much lower than that previously observed between rough lemon and 'Minneola' tangelo (26) , the current results suggest that Alternaria spp. exist as discrete, independently evolving lineages on different citrus cultivars. The differentiation of isolates on 'Nova' and grapefruit was strongly supported by high bootstrap values in the phenogram and by significant G ST values between hosts. Most of the Alternaria spp. isolates used in this study were isolated from infected leaf tissue, while the grapefruit isolates were obtained from fruit lesions. Brown spot has never been reported on grapefruit leaves in Florida, but commonly occur on both leaves and fruit in Israel and South Africa (13, 30, 35) . One hypothesis for the differentiation of grapefruit isolates is that these isolates may be tissue specific (i.e., genetic differentiation between "leaf-infecting" and "fruit-infecting" isolates). However, we have never observed any genetic differentiation between isolates from leaves and isolates from fruit, including those sampled from the same trees (T. L. Peever, unpublished data). Therefore, the differentiation we observed between isolates affecting grapefruit and tangerine hybrids is likely the result of selection by the grapefruit host rather than of tissue specificity.
Isolates on 'Nova' tangerine were not differentiated from isolates on 'Murcott', 'Orlando', and 'Minneola' in the overall phenogram, but were easily differentiated when samples of isolates were compared among different citrus cultivars growing within 50 meters of each other in the same grove. The proximity of hosts allowed a more powerful test of host specificity than did a comparison of isolates from different hosts in different geographic regions. 'Nova' is genetically distinct from 'Orlando', 'Minneola', and 'Murcott' because it has 'Clementine' tangerine (C. reticulata) as one of its parents (Fig. 1) . 'Clementine' is resistant to brown spot and resistance appears to be recessive (6) . 'Nova' was considerably more resistant to brown spot than were 'Minneola', 'Murcott', and 'Orlando' in the spray inoculation studies reported here and may, therefore, provide a different selective regime for the brown spot pathogen compared with other cultivars. 'Robinson' tangerine is a sibling of 'Nova' (Fig. 2) , and both 'Robinson' and 'Nova' are more resistant to brown spot in the field than are other hybrids. Early lesions on 'Nova' and 'Robinson' look very similar to those found on 'Minneola', but the lesions do not expand as on other hybrids and they lack yellow halos attributed to toxin production (T. L. Peever, unpublished data). Although 'Robinson' is a sibling of 'Nova' and appears to be similarly resistant to brown spot, no consistent evidence for differentiation of isolates on 'Robinson' was obtained relative to isolates from 'Minneola' in adjacent rows of trees in the same grove.
We were unable to detect significant differences in pathogenicity between 'Nova' and grapefruit isolates on their respective hosts and isolates from other cultivars. This result suggests that isolates from 'Nova' and grapefruit are genetically differentiated in terms of RAPD markers, but not for factors controlling pathogenicity. Fig. 4 . Phenograms of genetic distances among Alternaria spp. isolates sampled from tangerine × grapefruit hybrids in CPI and Immokalee. A, Isolates sampled from CPI and B, isolates sampled from Immokalee. Distances were estimated from random amplified polymorphic DNA allele frequencies in each sample using Nei's maximum genetic distance (21) as described in text. Numbers at the major branches indicate the percentage of occurrence of the cluster to the right of the branch in 1,000 bootstrapped dendrograms. Only branches occurring in 50% or more of the bootstrapped dendrograms (i.e., majority rule consensus tree) are shown.
We speculate that populations on 'Nova' and grapefruit are in the very early stages of differentiation on these hosts and that any pathogenic differences may have been too small for us to detect. This is supported by the low levels of genetic differentiation observed in this study compared with differences between clearly host-specific isolates from rough lemon and 'Minneola' observed previously (26) . Freeman et al. (8, 9) similarly failed to detect any differences in pathogenicity among isolates of Colletotrichum gloeosporioides from several different hosts, even though the isolates could be easily differentiated using RAPDs. In the current study, isolates from all citrus hosts had similar disease rankings across the different cultivars, with 'Minneola' always being the most susceptible and grapefruit the most resistant. These laboratory susceptibility rankings correlate well with rankings of susceptibility observed in the field (L. W. Timmer, unpublished data). None of the isolates sampled in this study was pathogenic on rough lemon; however, three grapefruit isolates did produce one lesion each on inoculated rough lemon leaves. No lesions were observed on rough lemon with isolates from 'Minneola' in this and a previous study (26) . The susceptibility of grapefruit leaves to brown spot in spray inoculations in the laboratory, but not in the field in Florida, deserves further study. It is possible that the isolates that cause leaf infections on grapefruit in Israel and South Africa are genetically distinct from the isolates present in Florida. Further study of grapefruit isolates from these regions is required.
The host specificity of A. alternata and A. solani from potato and tomato was recently studied by Weir et al. (40) , who demonstrated genetic differentiation between these two fungal species as well as host-related differentiation among isolates of A. solani from potato and tomato. Unfortunately, their study did not include pathogenicity assays to confirm that the isolates sampled from each host were host specific. Freeman et al. (8, 9) studied the host specificity of Colletotrichum gloeosporioides infecting almond and avocado in Israel and the United States using both molecular markers and pathogenicity tests. It was found that isolates of the pathogen infecting almonds in different geographic regions of Israel had the same multilocus genotype that was distinct from the genotype of isolates infecting avocado. This result suggested that the isolates infecting avocado and almond in Israel are host specific. Pathogenicity studies, however, failed to demonstrate any specificity, as isolates from almond and avocado were able to infect both hosts (8) . The lack of association between molecular data and pathogenicity data may have been a result of an artificial pathogenicity assay that allowed isolates that would not normally infect a particular host in the field a chance to infect under artificial conditions (8, 9) . There are several possible explanations for our failure to detect differences in pathogenicity between isolates that were clearly genetically distinct. One possibility is that our pathogenicity assay was not sensitive enough to detect small differences in pathogenicity that might be present in this system. Isolates sampled from rough lemon and 'Minneola' tangelo in a previous study were clearly host specific, causing disease only on one host or the other (26) . Another possibility is that our measure of pathogenicity (disease incidence) may not have been truly reflective of differences in pathogen fitness. Future studies of pathogenicity in this system should include other measures of pathogen fitness such as latent period, lesion expansion rates, and sporulation. In the current research, it is possible that we have captured the Alternaria brown spot pathosystem in the very early stages of differentiation on grapefruit and 'Nova' tangerine. With enough time and the accumulation of enough mutations, it is possible that populations of the pathogen will evolve into clearly distinct genetic lineages with more pronounced host specificities.
The low to moderate level of genetic differentiation we observed among populations of Alternaria spp. on 'Minneola' and 'Orlando' tangelos across a wide geographic range in Florida suggests that gene flow has occurred among these locations in the recent past. This result also indicates that geographic substructuring of Alternaria spp. populations is unlikely to have contributed significantly to our observed differentiation among isolates on different cultivars. The homogeneity of Alternaria spp. populations on citrus in Florida is most likely due to the movement of brown spot-infected nursery material among regions when the groves were established. The low but significant level of differentiation we observed is likely due to current restrictions on gene flow among locations and genetic drift within locations. Citrus groves in Florida are often separated by several kilometers, which is beyond the dispersal distance of the pathogen (L. W. Timmer, unpublished data). Samples of isolates from 'Minneola' and 'Orlando' in five locations (one location in common) were similarly differentiated on both hosts. This suggests that populations of the pathogen on 'Minneola' and 'Orlando' may be influenced by similar evolutionary forces. All subpopulations of the pathogen on 'Minneola' and 'Orlando' showed extremely high levels of within-subpopulation genetic diversity with at least two very distinct groups (approximately 60% similar) observed in every population (26; T. L. Peever, unpublished data) . This pattern of high intrapopulation genetic diversity relative to interpopulation diversity indicates that brown spot of citrus is caused by several distinct genotypes of Alternaria. Brown spot isolates from 'Minneola' in Florida, Turkey, South Africa, Israel, and Colombia were recently described as seven new species based on morphological criteria (33) . We found no evidence to support the hypothesis that a new grapefruit-specific or 'Sunburst'-specific genotype of the pathogen has been introduced into Florida. The differentiation we observed between grapefruit isolates and hybrid isolates was due to differences in RAPD allele frequencies at the population level. Grapefruit isolates were selected from the same general pool of isolates present on all susceptible cultivars in Florida. The isolates sampled from grapefruit or 'Sunburst' were not genetically unique and could not be distinguished genetically or pathogenically from 'Murcott', 'Minneola', or 'Orlando' isolates over a broad geographic range. There are several possible explanations for the sudden appearance of brown spot on 'Sunburst' in Florida. It is possible that the relatively new plantings of 'Sunburst' were established disease free and have remained free of the pathogen until very recently. A planting of 'Minneola' at the University of Florida Citrus Research and Education Center has remained free of brown spot for over 10 years, despite the presence of several heavily infected 'Minneola' groves less than 1 km away. This observation suggests that groves can remain free of brown spot for long periods of time if they are beyond the dispersal distance of the pathogen and there is no movement of infected trees into the grove. Another possible explanation for the sudden appearance of brown spot on 'Sunburst' is that the pathogen was present in 'Sunburst' groves at a low level for a number of years but had gone undetected. Particularly favorable environmental conditions for brown spot in 1996 and 1997 may have caused the disease to become a problem on 'Sunburst'. Experimental inoculations have demonstrated that 'Sunburst' is susceptible to brown spot isolates from other hosts, although it does appear to be more resistant than are several other hybrids. The decreased susceptibility of 'Sunburst' relative to other hybrids may have kept brown spot at low levels in Florida until particularly favorable environmental conditions caused the disease to become a problem on this cultivar.
